Abstract-A distributed multistage cooperative-social-multicastprotocol-aided content dissemination scheme is proposed, which is based on a self-organized ad hoc network of mobile stations (MSs) seeking the same content. In our content dissemination scheme, upon receiving the content, the content owners may further multicast it to their social contacts who are hitherto unserved content seekers. Then, we mathematically define the geographic social strength to describe the social relationships between a pair of MSs. By jointly considering the geographic social strength, the geographic distances, and the path loss, as well as the small-scale fading, we derive the closed-form formula of the average social unicast throughput. Furthermore, we model the content dissemination process by a discrete-time pure-birth-based Markov chain and derive the closed-form expressions for the statistical properties of the content dissemination delay. The proposed multistage cooperative social multicast protocol is capable of successfully delivering the content of common interest to all MSs in two transmission frames, provided that the density of the MSs is sufficiently high, as demonstrated both by our simulation and analytical results.
I. INTRODUCTION

I
N DENSELY populated areas, such as a football stadium or an open-air festival, mobile users (MUs) always find it difficult to rely on the data services supported by the centralized infrastructure (CI; e.g., Wi-Fi access points and base stations). For instance, in a circular area having a radius of 25 m in one of these scenarios, there may be hundreds of MUs, which may impose a heavy traffic load on the CI. However, the MUs of these particular scenarios usually share the same interest in some of the contents. Based on their multifunctional mobile devices, an ad hoc network can be organized to disseminate the content of common interest via short-range communication techniques, such as Wi-Fi or Bluetooth. As a result, a large fraction of the teletraffic can be offloaded from the CI to the ad hoc network. This promising approach requires for us to design a novel distributed approach for efficiently disseminating the contents of common interest.
As the demand for broadband wireless multimedia services grows, multicast [1] techniques may be invoked to more efficiently disseminate the content of common interest to numerous mobile stations (MSs). Three main types of wireless multicast techniques have attracted attention across the research community [2] - [8] . The first type is the direct wireless multicast [2] , where a single node, such as a base station (BS), solely transmits the same content to multiple destinations. In [2] , Wang et al. theoretically derived both the achievable multicast throughput and delay and then characterized the associated tradeoff between these conflicting performance metrics, while using hybrid-ARQ protocols. To increase the successful content delivery probability, while simultaneously enhancing the coverage area of direct wireless multicast, multihop wireless multicast may be invoked. In this multicast technique, the source node first multicasts the content to all the targets. Then, a specific node is randomly selected from the set of targets who successfully received the content for the sake of further multicasting it to all the other hitherto unserved targets. In [3] , Liu and Andrews derived both the outage probability and the multicast transmission capacity for both direct and multihop multicast scenarios. For the sake of further exploiting the diversity gain provided by multiple multicasters, cooperative multicast is proposed for further enhancing the attainable system performance [4] . Given its appealing benefits, substantial efforts have been devoted to the development of two-stage cooperative multicast, particularly to its power allocation [5] and relay selection problems [6] . In two-stage cooperative multicast, the BS first multicasts the content to all the targets. Then, the specific targets who successfully received the content may further multicast it. As a result, the receiver may benefit from a substantial diversity gain, which leads to an improved performance [7] . In [8] , Zhao and Su analyzed the outage performance and found the optimal power allocation for both distributed cooperative multicast 1 and for "genie-aided" cooperative multicast. 2 In [9] , a social groupcasting algorithm is proposed for a social networking group, so that they become capable of cooperatively downloading the same content 1 The second stage of multicast is carried out by MSs who successfully receive the content during the first stage of multicast. 2 The second stage of multicast is carried out by fixed relay stations.
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in a heterogeneous network. Unfortunately, Seo et al. mainly focused on the scheduling of the content download from the BSs without considering the details of the content dissemination in local ad hoc networks. However, the aforementioned research efforts ignore the delay analysis of multistage cooperative multicast. Moreover, in self-organized ad hoc networks, the multicasting tasks are carried out by multifunctional mobile handsets, such as smartphones and tablets. Instead of broadcasting the content to all MSs, they usually multicast it to the genuinely interested subset of MSs who are simultaneously their social contacts. These social characteristics of handheld mobile devices are, to a large extent, ignored by the operational wireless systems. Therefore, as argued in [10] , it is necessary for us to consider the impact of social networking on the wireless network's performance.
For video sharing in wireless mobile networks, communitybased solutions were proposed in [11] and [12] , respectively, both of which operated by jointly considering the users' viewing behaviors and their mobility patterns. There is also a growing number of contribution on content dissemination in mobile social networks (MSNs) [13] - [16] . However, these treatises mainly concentrate on large-scale MSNs [17] , where the system performance is determined by the encounter properties of mobile nodes. For example, in [16] , the continuous-time Markov chain is invoked for analyzing the relevant delay performance, where the state transition rate is determined by the intercontact time between a pair of mobile nodes. This approach cannot be used in small-scale MSNs [17] , where the system performance is determined by the wireless channel attenuation and social selection of the targets. 3 Different from the aforementioned previous works, the novel contributions of this paper are summarized as follows.
1)
We propose a novel content dissemination scheme based on a multistage cooperative social multicast protocol for delivering the content of common interest to all the interested MSs in densely populated areas, which falls into the category of small-scale MSNs [17] . 2) The social contacts of an MS are categorized into regular contacts and opportunistic contacts based on geographic social relationships.
3) The achievable social unicast throughput is determined by jointly exploiting the social relationships and the wireless links together, and the closed-form expression of the average social unicast throughput is derived. 4) We model the multistage cooperative-social-multicastprotocol-aided content dissemination process by a discrete-time pure-birth-based Markov chain (DT-PBMC) and derive closed-form expressions for characterizing the statistical properties of the content 3 In large-scale MSNs, mobile nodes are sparsely distributed over a very large area. Only when a pair of nodes enters each other's transmission range can they communicate. Hence, the system performance is substantially affected by the encounter rate (or the encounter probability) of mobile nodes, by their intercontact time, and by their contact duration. By contrast, in small-scale MSNs, the mobile nodes are densely distributed in a small area, where all pairs of nodes tend to be within each other's transmission range. Hence, the system's performance is mainly affected by a wireless channel, interference, resource allocation, and so on. In the rest of this paper, our content dissemination scheme is first reviewed in Section II. In Section III, we define the geographic social relationships between a pair of MSs, introduce the wireless physical-layer model, and characterize the statistical properties of the geographic distance, followed by the derivation of the closed-form expression for the average social unicast throughput. In Section IV, our content dissemination scheme is modeled by a DT-PBMC to characterize the statistical properties of the content dissemination delay. After presenting both our simulation and analytical results in Section V, we offer our conclusions and a range of potential applications in Section VI. To augment our exposition, we list the important notations in Table I. II. SYSTEM OVERVIEW Here, we first introduce the social multicast model, based on which a distributed cooperative-social-multicast-aided content dissemination protocol is proposed. Furthermore, a time-division multiple access (TDMA) approach is invoked for solving the implementation concern of our protocol. Finally, other existing protocols that can be used for content dissemination are introduced.
A. Social Multicast
The basic time unit of our discrete-time system is defined as the duration of a transmission frame. Different from the conventional multicast technique studied in [2] - [8] , in this treatise, a content owner (CO) only multicasts the content to the content seekers (CSs) who are simultaneously the CO's social contacts during the current frame. The top panel in Fig. 1 portrays a social multicast model in two consecutive frames, where node S represents the CO, whereas nodes A to D represent the CSs. We assume that a CS may be one of the CO's social contacts with a probability of ϕ. As shown in Fig. 1 , during the first frame, nodes A and B are node S's social contacts. Thus, the required physical wireless links are established between S and A as well as between S and B. However, due to the wireless-propagationinduced degradation, a packet is only successfully delivered by a wireless link with a probability of ν. As shown in the top panel in Fig. 1 , during the first frame, only the wireless link SA is capable of successfully delivering the content to the target, whereas SB fails. As a result, after the first frame, only node A has received the content successfully. Instead of A and B, nodes C and D become S's social contacts during the second frame. Thus, the required wireless links are established between S and C as well as between S and D. Fortunately, both of these wireless links have successfully delivered the content to the targets. Then, at the end of the second transmission frame, nodes A, C, and D have successfully received the content.
As a result, we observe that the successful packet delivery depends on the following two events: 1) The target is indeed the source's social contact, which occurs with a probability of ϕ; 2) the physical wireless link successfully delivers the packet from the source to the target, which has a probability of ν. These two independent random events are simultaneously encountered with a probability of ϕν. As shown in Fig. 1 , to theoretically analyze the content dissemination delay, we may mathematically transform the "Real social multicast scenario" in Fig. 1 into an equivalent model.
Note that in the original social multicast model, S only multicasts the content to its social contacts during each frame. However, in the mathematically equivalent model, S multicasts the content to all the interested CSs via the "social wireless links," which are constituted by a combination of the social relationships and the physical wireless links, as shown in the bottom panel in Fig. 1 . Moreover, the probability of a social wireless link successfully delivering a packet of the content to the target is ϕν during a transmission frame. This probability is termed here as the social unicast throughput, whose average is derived in Section III.
B. Multistage Cooperative Social Multicast Protocol for Content Dissemination
In this treatise, we conceive a multistage cooperative social multicast protocol for disseminating the content of common interest to N MSs, which roam within a bounded circular area. Before the commencement of content dissemination, some MSs actively acquire the content from the CI. These MSs form the initial CO set and cooperatively multicast the content to the other hitherto unserved CSs. The size of this initial CO set is assumed to be U . Once a CS successfully receives the content, it joins the CO set and cooperatively multicasts the content to the other hitherto unserved CSs with the aid of other COs, until all the CSs successfully receive this content. During the content dissemination process, we observe that the size of the CO set continually increases as more and more served CSs join the CO set. If we consider the cooperative action within a specific CO set as a single stage of cooperative social multicast, then we typically need multiple stages of the cooperative social multicast for the sake of completely disseminating the content of common interest to all the CSs. Fig. 2 portrays an example of the multistage cooperativesocial-multicast-aided content dissemination process. During Frame 1, the CO set {CO1, CO2} cooperatively multicasts the content to the unserved CS set {CS1, CS2, CS3}. At the end of Frame 1, CS1 successfully receives the content and joins the CO set as CO3. Thus, during Frame 2, the new CO set {CO1, CO2, CO3} cooperatively multicasts the content to the unserved CS set {CS2, CS3}. By the end of Frame 2, CS2 successfully receives the content and joins the CO set as CO4. Finally, during Frame 3, the new CO set {CO1, CO2, CO3, CO4} carries out the last stage of cooperative social multicast and successfully delivers the content to the last unserved CS3.
C. TDMA Approach For Implementation
According to the protocol introduced in Section II-B, multiple COs simultaneously multicast the content of common interest during a transmission frame. To avoid any collisions incurred by these multiple COs, each CO should be allocated an orthogonal channel. Here, we invoke a TDMA-based approach for implementing our content dissemination scheme. 4 An information controller (IC) 5 is appointed to reduce the overhead of information exchange between COs and CSs. The structure of a transmission frame is shown in Fig. 3 .
As shown in Fig. 3 , the first four time slots (TSs) are reserved for the side-information exchange between the IC and the COs/CSs. Specifically, the TS "I1" in Fig. 3 is allocated to the COs for reporting their willingness to disseminate the content. The TS "I2" in Fig. 3 is dedicated to the IC for broadcasting both the resource scheduling information and the COs' identities to the potential CSs. The TS "I3" in Fig. 3 is assigned to the active CSs for the sake of reporting their interests to the IC. Moreover, the TS "I4" in Fig. 3 is allocated to the IC for informing the COs of both the active CSs' identities and the resource allocation scheme employed.
Following the information exchange phase, the ad hoc network is ready for content dissemination. As shown in Fig. 3 , each CO is allocated a TS for multicasting the content of common interest to its social contacts.
The frame structure portrayed in Fig. 3 is similar to the TDMA scheme proposed in [18] for Wi-Fi mesh networks, where a frame consists of "control slots," "contention slots," and "data slots." The so-called "control slots" in [18] are used both for time synchronization and for explicitly conveying the resource allocation scheme's features and the identities of the mobile nodes. We can see that these "control slots" in [18] have similar functions as those of the TSs reserved for information exchange in our proposed frame structure, as previously introduced. Furthermore, as demonstrated in [18] , time synchronization can also be achieved with the aid of "control slots" at high timing accuracy. Nevertheless, due to the IC, accurate time synchronization can be more readily realized in our TDMA approach than in the distributed approach in [18] . Moreover, as reported in [18] , the control overhead is less than 10% for a purely self-organized ad hoc network operating without any ICs. Hence, with the aid of the IC, we impose an even lower control overhead in our scheme.
D. Other Protocols for Content Dissemination
There are other protocols for content dissemination in literatures. To implement these protocols in our model, we should impose the social constraints that a transmitter is only willing to unicast/multicast the content to its social contacts on these existing protocols.
1) Noncooperative Direct Social Multicast (Noncoop Direct So-Multicast):
This protocol originates from the conventional direct multicast, which was studied in [2] . Although we may have multiple COs at the beginning, in this protocol, we assume that there is only a single CO, who continually multicasts the content of common interest to its social contacts, until all the other unserved CSs successfully receive it, as detailed in Section II-A. The social multicast delay of this protocol has been characterized in our previous work [19] .
2) Single-Stage Cooperative Social Multicast (Single-Stage Coop So-Multicast):
This protocol originates from the widely studied cooperative multicast model in [4] - [8] , where only those specific COs that initially own the content would cooperatively multicast the content to their social contacts.
3) Noncooperative Gossip-Based Social Unicast (Noncoop Gossip So-Unicast):
This protocol originates from [20] and was further invoked for information dissemination in [21] . When we implement this protocol in our scenario, we made a few changes in comparison to the protocol studied in [21] . During a transmission frame, a CO may have several social contacts, and it has to select a single social contact from its social contacts to form a CO and CS pair for further disseminating the content. If a CS has already been selected by one of the COs, it cannot be selected by other COs. According to [21] , for the sake of forming this CO and CS pair, the CS should be randomly selected from the CO's social contacts. However, to form as many CO and CS pairs as possible, in our algorithm, a CO that has fewer social contacts during a transmission frame has a higher priority to select a CS, who is simultaneously one of the CO's social contact. After the CS successfully receives the content, it may join the set of COs for futher disseminating the content.
III. SOCIAL UNICAST THROUGHPUT OF A SOCIAL WIRELESS LINK
Here, we will first define the probability ϕ that a CS becomes a CO's social contact, while deriving the successful packet reception probability ν of a physical wireless link. Then, we derive the closed-form formula for the average social unicast throughput.
A. Geographic Social Relationships
In Milgram's widely known "small world" experiment [22] , he proved that there was a maximum of six-hop separation, on average, between any pair of people in the United States. Furthermore, Watts and Strogatz claimed that any network obeys a hybrid structure between regular networks and random networks [23] . They also defined the so-called short-range and long-range contacts. The well-known results of Milgram's experiment were theoretically proved in [24] and [25] .
Kleinberg in [26] studied a 2-D grid network obeying the small-world property in [23] . In [26] , source node s selects any other node v as its long-range contact with a probability proportional to y −α (s, v), where y(s, v) is the distance between s and v, whereas α is a social exponent. Here, the 'distance' may indicate either a virtual social distance or an exact geographic distance. This work was extended to wireless ad hoc networks in [27] to analyze the impact of social groups on the wireless network's capacity, where a node in the wireless ad hoc network is selected to be the target with a probability proportional to y −α (s, v), where y(s, v) represents the exact geographic distance.
Furthermore, Liben-Nowell et al. in [28] found that when the geographic distance is shorter than 1000 km, the probability of a pair of users sharing a social relationship largely depends on the geographic distance between them. 6 This probability is proportional to y −α , where the social exponent α is estimated to be 1.2. Similar results were also provided in [29] , where the social exponent was estimated for mobile communication. When using the maximum-likelihood method in [30] , these exponents were found to be α ≈ 1.58 for voice ties and α ≈ 1.49 for text ties.
Based on the aforementioned literature, we assume that if a CS is within the neighborhood range of a CO, the probability of this CS becoming the CO's social contact is unity, and this CS is termed as the regular contact of the CO. If the CS is beyond the neighborhood range of the CO, the CS may still become the social contact of the CO with a probability that is inversely proportional to the geographic distance between them. This sort of social contact is termed as opportunistic contact. As a result, the probability of a CS becoming a CO's social contact, 7 which is also termed as social strength, is defined as
where y is the geographic distance between a pair of MSs, r is the neighborhood range, and α is the social exponent in line with [26] - [29] . In Fig. 4 , eight nodes are seen to be uniformly arranged on a circle. If α = +∞, indicating that a node only has regular contacts (solid lines in Fig. 4 ), as r increases from l to 4l, a node may have more regular contacts for potential communications. If we fix r to l, indicating that a node only has the adjacent nodes in its regular contact set, as α reduces from infinity to 0, in line with (1), a node may have more opportunistic contacts (dotted lines in Fig. 4) . 
B. Successful Packet Delivery Probability of a Physical Wireless Link 1) Small-Scale Fading:
The small-scale fading is modeled by uncorrelated stationary flat Rayleigh fading [31] . The fading magnitude |h(t)| during the tth TS, which varies from one TS to another, is a Rayleigh distributed random variable. Since each CO is assigned a single TS during a transmission frame according to Section II-B, t can also be interpreted as the index of the frame. Consequently, the square of the channel's magnitude |h(t)| 2 obeys the exponential distribution associated with E[|h(t)| 2 ] = 1. The probability density function (pdf) and the cumulative distribution function (cdf) of
2) PL: According to [31] , the path loss (PL) equation is invalid for calculating the attenuation in the near-field of the transmit antennas. We assume that the PL only imposes attenuation on a wireless link, when its length y is longer than a reference threshold d 0 . Then, the PL model is formulated as
where P 0 is the received power at the point that is d 0 m away from the transmitter and P r is the power received after experiencing PL at a CS, whereas κ is the PL exponent.
3) Successful Packet Delivery:
In the MAC layer, we assume that a packet of the content is successfully transmitted during a TS from a CO to a CS, only when the instantaneous received signal-to-noise ratio (SNR) is above a predefined threshold γ [32] . As a result, when jointly considering the small-scale fading and the PL, the successful packet delivery probability of a physical wireless link is given by
where
, and y is the distance between a CO and CS pair, whereas N 0 W is the noise power. Naturally, ν| Y =y is equivalent to the throughput of the physical wireless link expressed in packets per frame [33] .
C. PDF of the Random Geographic Distance 1) Mobility and Connectivity:
We assume that all MSs roam in a bounded circular area having a radius of R. The position of the ith MS during frame t is denoted by P i (t), which obeys a stationary and ergodic process with a stationary uniform distribution in the circular area [34] . Moreover, the positions of different MSs are independent and identically distributed (i.i.d.). This mobility model has been widely used for analyzing the performance of mobile networks [21] .
Moreover, the range of Wi-Fi in outdoor scenarios can be up to 100 m. If the diameter of the studied circular area is shorter than this range, it is reasonable for us to assume that CSs are always in the transmission range of COs. Hence, our model belongs to the scenario of small-scale MSNs [17] , where the system performance is dominated by the wireless channel's attenuation and the specific social contact selection.
2) PDF of the Geographic Distance: We may derive the pdf of the geographic distance Y between a pair of MSs by exploiting the following methodology. Given that the source is currently located at a point P = p, we may derive the conditional probability P (Y ≤ y|P = p) by computing the intersection area of two circles, one of which is the considered circular area, and the other is a circle centered at the point P = p having a radius of y. Integrating P (Y ≤ y|P = p) over all possible points gives us the cdf of Y , whose derivative gives the pdf of Y between a pair of MSs [35] , i.e.,
for 0 ≤ y ≤ 2R, and 0, otherwise. However, due to its complexity, further integration over f Y (y) may not produce a closed-form expression. Hence, we may need an approximate alternative expression for f Y (y). Given the following two Taylor-expansion-based expressions:
by replacing z in (5) and (6) with y/2R and substituting them into (4), we arrive at an alternative expression for (4), i.e.,
for 0 ≤ y ≤ 2R, and 0, otherwise. If we limit the maximum number of terms in the summation to n max , we arrive at an approximate version of (7), i.e.,
for 0 ≤ y ≤ 2R, and 0, otherwise. The constant C Y in (9) is derived for the sake of guaranteeing that 2R 0 f Y (y)dy = 1. In Fig. 5 , we plot the root-mean-square error (RMSE) between f Y (y) of (4) and f Y (y) of (9). As shown in Fig. 5 , when R is higher than 10 m, n max = 4 guarantees that the RMSE becomes lower than 10 −3 . This sufficiently low RMSE indicates that our approximation is valid for most practical cases. 
D. Analysis of the Social Unicast Throughput
Therefore, the mth moment of the social unicast throughput can be formulated as
Let us now substitute f Y (y) of (4) into the first integral I
1 of (12). Hence, I
(1) 1 can be formulated as
Given the inherent complexity of (4), we have to substitute the approximate pdf f Y (y) of (9) into I
2 of (12), we have
where the function Φ(y|β, α, A) is defined as
while functions Γ(−z 1 , Ay κ ) and Γ(z 2 , Ay κ ) are given by the following two equations [36] :
Furthermore, the closed-form expression for the third integral I
(1) 3
of (12) can also be derived by substituting f Y (y) of (9) into I
3 , which is expressed as
where function Φ(y|β, α, A) has been defined in (15) . 
where function Ψ(y|β, α) is defined as
In a nutshell, the average social unicast throughput is obtained as
IV. DELAY ANALYSIS OF COOPERATIVE-SOCIAL-MULTICAST-AIDED CONTENT DISSEMINATION
Let us now analyze the delay characteristics of the multistage cooperative-social-multicast-protocol-aided content dissemination.
A. DT-PBMC
According to Section II-B, all the CSs become the COs upon successfully receiving the content of common interest. Hence, the number of the COs increases, until all the N MSs in this area receive the content. Hence, we model this multistage cooperative-social-multicast-protocol-aided content dissemination process by a DT-PBMC, as shown in Fig. 6 .
State n of the DT-PBMC represents the number of COs during the current frame, whereas the number of unserved CSs is (N − n). Observe in Fig. 6 that p n,n+m (m ≥ 0) represents the probability of the DT-PBMC's transition from state n to state (n + m) during this transmission frame, which also indicates the probability of m unserved CSs out of (N − n) successfully receiving the content. When we have m = 0, the state transition probability p n,n represents the fact that no unserved CS receives the content during the current frame. As shown in Fig. 6 , the state transitions emerge from the initial state U (1 ≤ U < N) , where U represents the number of initial COs before the content dissemination according to Section II-A, and terminate at the absorbing state N , which is the total number of MSs in the area. All the other states between the initial state U and the absorbing state N are termed as transient states. Since the content dissem- ination is a discrete-time process, 8 the content dissemination delay K is equivalent to the number of transmission frames, when the absorbing state N is reached after emerging from the initial state U .
Before delving into the statistical properties of the random content dissemination delay K, we first have to derive the state transition probability p n,n+m and the state transition matrix P.
B. State Transition Matrix
1) Successful Packet Reception Probability of a CS:
According to the frame structure in Fig. 3 , at the beginning of the tth frame, n TSs are allocated to COs, if there are n COs willing to multicast the content to the (N − n) unserved CSs. Specifically, the hth TS during the tth frame is allocated to CO h (1 ≤ h ≤ n). As shown in Fig. 7(a) , CS i (1 ≤ i ≤ N − n) is connected to all the COs via the "social wireless link" defined in Section II-A. Moreover, the successful packet delivery probability of the "social wireless link" connecting CO h and CS i is equivalent to the social unicast throughput μ h,i (t).
According to Figs. 3 and 7(a), the packet detection process of CS i is characterized as follows. In each frame, CS i detects the signal of the n multicast TSs one by one to successfully receive a packet. If the packet is indeed successfully detected during the hth TS, the detection process is terminated. By contrast, if the packet cannot be detected in any of the n multicast TSs, the detection process is terminated, and the unserved CS i will request the content again during the next frame. As a result, during the transmission of the tth frame, the probability of CS i successfully detecting a packet within the hth multicast TS, which implies that the packet's detection failed during the first (h − 1) TSs, is expressed as
where μ j,i (t) is the social unicast throughput of the "social wireless link" connecting CO j and CS i during the dissemination of the tth frame. Since the social unicast throughput μ j,i (t) is determined by the time-varying geographic distance and by small-scale fading, they may be assumed to remain constant during the tth frame, but they independently vary from one frame to another. As a result, the probability of CS i successfully receiving a packet during the tth frame is formulated as
According to the mobility model introduced in Section III-C, the geographic positions of different MSs are i.i.d. random variables; thus, the distances between any CO and CS pair are also i.i.d. random variables. Hence, according to (11) and (17), {μ h,i (t), h = 1, 2, . . . , n} are also i.i.d. random variables. As a result, the expected value of p i (t) may be expressed as
where μ is the average social unicast throughput that is derived in Section III-D.
2) State Transition Probability: Fig. 7(b) portrays the cooperative-multicast-aided content dissemination process during the tth frame, given n COs and (N − n) CSs, where p i (t) of (23) is the probability of CS i successfully receiving a packet of the content during the tth frame.
Let us assume that m CSs having indexes of I = {i g |1 ≤ g ≤ m} receive the packet at the end of the current frame associated with the successful packet reception probabilities of P I = {p i g (t)|i g ∈ I}, whereas the remaining (N − n − m) CSs having indexes of J = {j h |1 ≤ h ≤ (N − n − m)} do not receive any packets. The latter event is associated with the unsuccessful packet reception probabilities of P J = {1 − p j h (t)|j h ∈ J }. We should note that I J = φ, whereas I J is the full set of (N − n) unserved CSs at the beginning of the current frame. Furthermore, P I and P J are independent of each other. Thus, the state transition probability p n,n+m may be expressed as p n,n+m (t) =
All possible combinations for
As a result, the (N × N )-element state transition matrix P(t) of the DT-PBMC during the tth frame is expressed as (26) Since the entries of P(t) are random variables, P(t) is a random matrix. Taking the expected value of every entry in P(t), the expected matrix of P(t) is formulated as
Given p n,n+m (t) derived in (25) and that all the elements in P I are i.i.d. random variables having an identical mean of p as well as that all the elements in P J are i.i.d. random variables having an identical mean of (1 − p), the associated entry p n,n+m of P becomes
where the third equality is obtained by substituting (24) into (28) .
C. Statistical Properties of the Content Dissemination Delay
To derive the tail distribution function (tdf) of the content dissemination delay and its average value, we only have to consider the transition matrix of the transient states, which is denoted by Q(t) in (26) . Specifically, we have Q(0) = I, indicating that the DT-PBMC has a unity probability of staying in its current state.
Theorem 1: The entry q ij (k) of the matrix Q(k) = k t=0 Q(t) represents the probability of state j being reached after k frames, given that the initial state is state i.
Proof: See Appendix A. Before deriving the statistical properties of the content dissemination delay, we must first study the convergence of matrix Q(k). As a result, Theorem 2 is formulated.
Proof: See Appendix B. With the aid of Theorem 1 and Theorem 2, we obtain matrix Q(k) containing the probabilities of any transient states being reached from any initial states after k frames.
Given the initial state i, the probability of the DT-PBMC not being terminated after k frames is the sum of the entries in row i of matrix Q(k), which is also the probability of the random content dissemination delay K being larger than k. The initial state of content dissemination is set to U , according to Section IV-A. Hence, the conditional tdf of the content dissemination delay is
where − → τ is a 1 × (N − 1)-element row vector, whose U th entry is one and all the other entries are zero, − → 1 is an (N − 1) × 1-element column vector, whose entries are all one. According to the Bayesian principle and Theorem 2, the tdf of the content dissemination delay can be expressed as
where f [Q(k)] is the pdf of the random matrix Q(k), and the second equality is derived by substituting (29) into (30) . Furthermore, the probability mass function P (K = k) is derived as
where Q 0 is the expected vector of Q 0 (t) defined in (26) .
To obtain the expected value of the random content dissemination delay K, Theorem 3 is formulated as follows.
Theorem 3:
The ijth entry θ ij of the new matrix Θ = ∞ k=0 Q(k) represents the expected number of frames that the DT-PBMC spends in state j, given the initial state i.
Proof: See Appendix C. Given Theorem 3, after summing up all the entries in row i of matrix Θ, we have the expected number of frames that the DT-PBMC spends in the transient states, which is also the expected number of frames before the DT-PBMC is terminated. Therefore, we have
where − → τ and − → 1 have already been defined in (29) . Furthermore, according to the Bayesian principle and Theorem 2, we have
where f [Q(k)] is the pdf of the random matrix Q(k). For the sake of deriving the closed-form expression of
following theorem is formulated.
Theorem 4:
The inverse matrix of (I − Q) exists, and
Finally, according to Theorem 4, we arrive at the closedform expression of the expected number of frames that the DT-PBMC encountered before being terminated, which is also the average content dissemination delay of
V. NUMERICAL RESULTS
The power spectral density of the noise is N 0 = −174 dBm/Hz, and the bandwidth for the COs' social multicast is W = 10 MHz. Hence, the noise power is N 0 W = −104 dBm. If the transmission from a CO to CSs takes place at the carrier frequency of 3.6 GHz, the PL at the reference point stipulated to be d 0 = 1 m away from the transmitter is 44 dB, according to the free-space PL equation [31] , whereas the PL exponent for the receiver beyond d 0 is set to be κ = 3. Furthermore, we generally set the received power at the reference point to be P 0 = −34 dBm. This setting indicates that the actual transmit power is 10 dBm (= −34 dBm + 44 dB). We also set the successful packet reception SNR threshold to be γ = 10 dB, which guarantees that the BER at the receiver is below 10 −2 without channel coding [37] . All these physicallayer-related parameter settings are in line with the 802.11 protocol [38] . All the MSs roam in the bounded circular area having a radius of R = 50 m by obeying the mobility model introduced in Section III-C. To accurately characterize the statistical properties of the system, we repeated the content dissemination process corresponding to the model introduced in Section II 100 000 times.
To obtain accurate analytical results, we set n max in f Y (y) of (9) to be n max = 10. According to Fig. 5 , when R = 50 m, the RMSE between f Y (y) of (9) and f Y (y) of (4) is 3 × 10 −5 .
A. Social Unicast Throughput
We first vary the neighborhood range r from 1 to 100 m and then increase the social exponent α from 0 to 100. The impact of r and α on the average social unicast throughput is evaluated.
In Fig. 8(a) , we observe that as the neighborhood range r increases, the average social unicast throughput remains constant for α = 0. In this case, based on (1), the CS may become the CO's opportunistic contact with a unity probability. As a result, increasing r does not affect the social unicast throughput. However, if α = 0, we may observe in Fig. 8(a) that the average social unicast throughput increases as we increase the neighborhood range r. This can be explained by the fact that a higher neighborhood range increases the probability of the CS becoming one of the CO's social contacts, as shown in (1) . Furthermore, if r is equal to the maximum possible distance 2R in a circular area, observe in Fig. 8(a) that the average throughput achieves its maximum value for α = 0, because in this case, the destination is always one of the source's regular contacts. Moreover, since a higher α indicates that the CS may become one of the CO's opportunistic contact with a lower probability, it is less likely to establish a physical wireless link between the CO and the CS beyond the CO's neighborhood range. As a result, a higher α leads to a reduced average throughput. Furthermore, in the case of α tending to infinity, the CO is only willing to share the content with the CSs within his/her neighborhood range. Hence, we observe in Fig. 8(a) that if α is high, e.g., 50 or 100, the average social unicast throughput converges to that of the scenario where communications between a CS and CO pair only occur if the CS is within the CO's neighborhood range.
Then, we set α = 2, and vary the reference received power P 0 from −60 to −10 dBm in combination with different neighborhood ranges r. Observe in Fig. 8(b) that the average social unicast throughput increases as we increase P 0 . However, the average social unicast throughput converges to a constant value, as P 0 tends to infinity. According to our analysis in Section III-D, the social unicast throughput depends both on the successful packet delivery probability ν| Y =y of a physical wireless link and on the geographic social strength ϕ| Y =y . When the transmit power tends to infinity, ν| Y =y converges to one; hence, the average social unicast throughput is dominated by the geographic social strength ϕ| Y =y . As a result, when we have r = 100 m, indicating no influence from the geographic social strength, the average throughput converges to one. However, when r is below 100 m, the average social unicast throughput converges to a specific value, which is derived by integrating the social strength ϕ| Y =y over the distance pdf f Y (y).
B. Content Dissemination Delay
Let us fix the neighborhood range to r = 10 m and fix the social exponent to α = 3, whereas the number of COs initially receiving the content before the content dissemination process is set to be U = 5. The other physical-layer-related parameters are the same as the parameters introduced at the beginning of Section V.
In Fig. 9(a) , we evaluate the average content dissemination delay of four different protocols. We observe in Fig. 9 (a) that both the "Noncoop direct so-multicast" and "Single-stage coop so-multicast" protocols exhibit a monotonically increasing trend in terms of the average content dissemination delay, as we increase the number of MSs in the bounded circular area. Since the served CSs join the initial group of COs for further forwarding the content of common interest, we observe in Fig. 9(a) that the average content dissemination delay is significantly reduced when the "Noncoop gossip so-multicast" protocol is invoked. Our "multistage coop so-multicast" protocol is capable of further reducing the average content dissemination delay, because our social multicast procedure provides more successful content delivery opportunities than social unicast. Based on this comparison, we conclude that our multistage cooperative social multicast protocol is significantly faster in disseminating the content of common interest than the other three existing protocols, when imposing social constraint on the wireless transmissions.
As evidenced by Fig. 9(b) , we observe that the content dissemination delay converges to two frames under our protocol. More explicitly, as we increase the number of MSs to N = 600, we observe in Fig. 9 (b) that both our simulation and analytical results of the average content dissemination delay finally converge to two frames, regardless of the value of the social exponent α. This somewhat surprising results suggest that when there are sufficient MSs in the circular area, invoking two-stage cooperative social multicast is sufficient on average for the sake of guaranteeing that all the interested MSs successfully receive the content. Furthermore, according to our simulations, for α = 5, 4, 3, and 2, the specific number of MSs, resulting in the highest average content dissemination delay, is 10, 11, 11, and 12, respectively. As a result, we may conclude that a higher α results in an early reduction of the content dissemination delay. However, when α = 1, the content dissemination delay increases and finally converges to two frames, because in contrast to the other scenarios, the delay is lower than two frames, when N is smaller.
Finally, we set the social exponent α to α = 0 for the sake of canceling the impact of the socially related parameters and vary the reference received power P 0 from −80 to −55 dBm. Half of the MSs are assumed to receive the content of common interest before the content dissemination process. During each frame, the COs multicast the content to all CSs rather than only multicast the content to his/her social contacts. As a result, the physical-layer parameters dominate the attainable content dissemination performance. We may observe in Fig. 10(a) that the average content dissemination delay substantially reduces as we increase P 0 . For the case of N = 40, the average content dissemination delay reduces from 37 frames at P 0 = −80 dBm to just one frame at P 0 = −55 dBm. Furthermore, in Fig. 10(b) , we evaluate the probability of the content dissemination delay exceeding a predefined threshold of k th = 5 frames. Observe in Fig. 10(b) that the tail probability of the content dissemination delay decreases as we increase P 0 .
VI. CONCLUSION AND DISCUSSIONS
In this paper, we have proposed a distributed multistage cooperative-social-multicast-protocol-aided content dissemination scheme. According to our research, several important conclusions may be drawn.
i) Both the social unicast throughput and the content dissemination delay are heavily affected by both the social parameters and the physical-layer parameters. Both a more communicative CO, which is represented by a lower social exponent α, and a higher neighborhood range r substantially increase the social unicast throughput and reduce the content dissemination delay. Similarly, a more powerful transceiver, which is represented by a higher reference received power P 0 , and a lower successful packet reception SNR threshold γ have the same beneficial effects. ii) The content dissemination delay is also heavily affected by the number of interested MSs. An increased number of interested MSs provides more potential COs during the content dissemination process. Since every CO is willing to multicast the content of common interest to CSs, this diversity gain provided by multiple COs is capable of substantially reducing the content dissemination delay. When the number of interested MSs is high, using twostage cooperative social multicast is sufficient for the sake of guaranteeing that all the MSs successfully receive the content of common interest. iii) As demonstrated by the numerical results, our multistage cooperative social multicast protocol outperforms the other three existing protocols in terms of its average content dissemination delay, including the noncooperative direct social multicast protocol, the single-stage cooperative social multicast protocol, and the noncooperative gossip-based social unicast protocol. Our protocol is more suitable than the other three, when the geographic social relationships are taken into consideration.
Furthermore, our analytical model invoked for analyzing the delay of the content dissemination has wide-ranging applications.
i) If we set the social exponent to α = 0 or set the neighborhood range to r = 2R, the impact of the social parameters is eliminated. Hence, our analytical model can be invoked for analyzing both the delay and the throughput of the conventional multistage cooperative multicast technique. ii) If we set the social exponent to α = +∞ and equate the neighborhood range to the transmission range, our analytical model can also be used for analyzing the delay characteristics of the mobile ad hoc networks [39] . In this scenario, a packet can only be received by a CS, when it roams within the CO's transmission range and when the wireless link is capable of successfully delivering the content. iii) Our analytical model can also be used for analyzing the content dissemination delay for the noncooperative social multicast protocol. Since only a single CO is multicasting the content during a transmission frame, we simply set n = 1 in (24) for the sake of characterizing the delay performance of this protocol. iv) Our analytical model can also be used for analyzing the content dissemination delay for the single-stage cooperative social multicast protocol. Given this protocol, only the initial group of COs, whose size is U , cooperatively social multicast the content of common interest. Hence, if we set n = U in (24), we may readily derive the delay characteristics of this protocol.
APPENDIX A PROOF OF THEOREM 1
This theorem may be proved by using the technique of mathematical induction.
Explicitly, when we have k = 0, Q(0) = Q(0) = I, and the theorem holds, because the system stays at its current state after 0 frames with a unity probability.
When k = 1, Q(1) = Q(0)Q(1) = I × Q(1) = Q(1). The ijth entry of Q(1) is q ij (1) = p ij (1) . Since p ij (1) is the transition probability from state i to state j during frame 1, it is also the probability of state j being reached after one frame, given the initial state i.
Furthermore, we assume that Theorem 1 holds for Q(k) = k t=0 Q(t), whose ijth entry is q ij (k). Then, the probability of state j being reached after (k + 1) frames, given the initial state i, is derived as
Thus, matrix Q(k + 1) constructed by q ij (k + 1) can be also expressed as Q(k + 1) = Q(k)Q(k + 1) = k+1 t=0 Q(t). Hence, Theorem 1 is proved.
APPENDIX B PROOF OF THEOREM 2
Given the initial state i and the ijth entry q ij (k + 1) of Q(k + 1) in (35) , the probability of the DT-PBMC not being terminated after (k + 1) frames can be expressed as the sum of the ith row's entries, which is formulated as 
Clearly, the probability of the DT-PBMC not being terminated after k frames is expressed as
Since 0 ≤ p j,N ≤ 1, we have p i,unba (k + 1) < p i,unba (k). Obviously, the probability of the DT-PBMC not being terminated is a monotonically decreasing function with respect to the number of frames k. If k tends to infinity, we may have Hence, Theorem 2 is proved.
APPENDIX C PROOF OF THEOREM 3 According to Theorem 1, the ijth entry q ij (k) of Q(k) represents the probability of transient state j being reached after k frames, given the initial state i. Then, given the initial state i, a new random variable X(k) is defined. It is 1 if state j is reached after k frames, and it is 0 otherwise. Hence, we have P [X(k) = 1] = q ij (k) and P [X(k) = 0] = 1 − q ij (k). Then, the expected value of X(k) is E[X(k)] = q ij (k).
When considering the transmission of k frames, state j may be reached at any frame index spanning from zero to k. Hence, the total number of times that state j is reached during these k frames can be expressed as X (0) 
Hence, Theorem 4 is proved.
